coming cotton bale moisture with price discounts associated with higher mc lint.
Several studies have been done of the use of resistancetype moisture meters with loose cotton lint (Barker et al., 1987; Anthony, 1994; Taylor and Godbey, 1994; Byler 2006) . These studies found standard errors of over 0.5 percentage points with the same data used for calibration and when applied over a limited range. While portable hand-held meters for measuring the mc of fiber in a cotton bale have been available for many years, no independent data was available indicating the accuracy of the meters in this application.
Therefore, the purpose of this study was to evaluate the usability of several commercially available portable cotton bale moisture meters. Meter accuracy was to be measured by comparing meter readings of baled cotton and the oven-based mc of lint samples taken from the bales. Overall, the meters were to be compared based on ease of use, price, range, accuracy, and precision.
MATERIALS AND METHODS
Portions of this project were conducted at each of the Agricultural Research Service Cotton Ginning Research Units located at Stoneville, Mississippi; Lubbock, Texas; and Mesilla Park, New Mexico. Each of the research units made separate arrangements for obtaining cotton bales and purchased separate meters. Cotton bales were obtained from different cotton growing regions of the United States. Some bales of Pima cotton were included (N=12) but most of the data was for Upland cotton (N=84). Bales were obtained in pairs that had been subjected to one of five known moisture treatments: little or no drying and no moisture restoration, medium drying with no moisture restoration, normal drying M with steam-type moisture restoration of lint, normal drying with water spray moisture restoration of lint, and normal drying with both steam-type and water spray moisture restoration. The drying levels were as chosen by the ginner and therefore probably reflected different drying choices. The main goal was to obtain bales from each region with different mc obtained by different but representative procedures. As many as five pairs of bales were obtained from one gin, but in most cases only four or six bales came from the same gin.
The date of bale formation and date of probe measurement of the bale were recorded. This time difference usually was no more than two days but varied from about one day to one week. For consistency, the bales were probed in the same six locations at each of the three Units. Considering bales standing on end, each was probed at locations 10 cm (4 in.) on each side of the center line at three heights: between the first and second tie, between the second and third tie, and between the ties in the middle of the bale. For six tie bales the middle was between the third and fourth tie and for eight tie bales the middle was between the fourth and fifth.
Commercially available cotton bale mc meters were identified from three manufacturers ( fig. 1 ). The manufacturers' instructions in the use of the meters were followed, although details of use were not always complete. For example, the manufacturers were not clear if the reading was wet basis (wb) or dry basis (db). A model C-2000 meter was purchased from Delmhorst (Delmhorst Instrument Co., Towaco, N.J.) with the model 30-E/C electrode. This unit had a digital display. A model M-400 digital meter was purchased from Strandberg Engineering Laboratories, Inc. (Greensboro, N.C.). This meter was used with either of two probes, LP-20 and SP-20. The analog meter model M-200C was also purchased from Strandberg Engineering. This meter was used with either of the same two probes as the digital meter. An Aqua-Boy model BAF1 (Enercorp Instruments, Ltd., Toronto, Ontario, Canada) cotton lint moisture meter was purchased with two probes, the model 209BSM piercing electrode, and the model 218 screw-in electrode probe. The combinations of probes and meters resulted in seven combinations which were tested (table 1) .
For this study a meter was considered to be a display unit with a bale probe. Six of the seven meters used probes with two separate electrodes, referred to as twin probes. A reading with each meter was made at each of the six locations. One meter manufacturer specified that the twin probes be inserted along a layer, but the other manufacturers did not specify an orientation. For many bales the two electrode probes were used in two orientations, across the layers and along the layers in the bale, and the data recorded separately to determine the effect of probe orientation. Some heating of the probes was noticed when inserted and removed frequently, especially with the Aqua-Boy screw-type probe.
The price of the individual meter with an appropriate probe varied from about $455 for the Delmhorst instrument to about $1900 for the Aqua-Boy meter with the screw-in probe (table 1) .
For the data collected at the Stoneville Cotton Ginning Research Unit, 32 bales were obtained from gins in Louisiana, Arkansas, Tennessee, and Mississippi, with the help of the Southern Cotton Ginners Association, usually on the same day they were formed. All bales were then bagged in large fully coated bale bags with no holes which were placed over the bag the gin had put on the bale, then transported to Stoneville in closed body trucks or closed trailers. In addition, the Southeastern Cotton Ginners Association, Inc. shipped 10 bales from Georgia to Stoneville for testing, a pair of which had been subjected to each of the five treatments. After the bales were measured in the six predetermined locations with each of the seven meter-probe combinations lint samples were obtained from the same six locations. For obtaining the lint samples the bales were placed in a bale press, the bale lightly compressed by the press, the ties at one end cut, and the bale was then allowed to expand. Lint samples were taken from the interior of the bale at the six measurement locations, at approximately the same depth measured by the probes, placed in containers, and sealed. These samples were then oven dried (Shepherd, 1972) and the mc was calculated on both the wb, referred to as "moisture content" in the ASTM standard (ASTM, 2006) and dry basis (db) referred to as "moisture regain" (ASTM, 2006) . This procedure involved obtaining the final weight of the oven dried lint while the samples remained inside the oven as described in section 9.1.1 of the ASTM standard. The Cotton Production and Processing Research Unit in Lubbock, Texas, evaluated their meters with 40 bales, which had been ginned and baled in Texas and were transported to their location for mc measurement. To obtain lint for oven-mc each bale was opened by cutting all of the ties and immediately removing the appropriate layers. For the portion of the study conducted by the Southwestern Cotton Ginning Research Laboratory, in Mesilla Park, New Mexico, staff traveled to cooperating gins in New Mexico, Arizona, and California, to obtain onsite measurements of 14 cotton bales. All meter readings were made at the commercial gin then the mc samples were taken from tied bales. Both of these groups of researchers obtained the dried weight of the lint samples outside the oven immediately after drying, but otherwise followed the ASTM standard (ASTM, 2006) .
The oven-based and meter readings were analyzed with SAS procedure MEANS (SAS Institute, 2003) to get a description of the range of moisture data. The moisture measurements were analyzed with the SAS procedure MIXED to compare the different readings for each bale. There were three types of readings at each of six locations on each bale for each meter with each probe; the specific meter reading with the specific probe, the oven-based reading expressed in wet basis, and the oven-based reading expressed in dry basis. The ANOVA for each set of data was a randomized complete block with two levels of blocks; bale and sites within bale. The variance for the machine readings was allowed to be different than the variance for oven-based readings. The goal was to compare the readings with the different meter-probe combinations to the oven-based readings. The standard error was calculated based on two levels of blocking; the bale and the sites within each bale. Table 2 shows the labels used in the statistical analysis and the meaning of the labels.
The , and e were then combined to obtain the data used to understand the relationship between the meter and oven-based readings. The meter readings with each probe were plotted against the oven-based readings to better understand the comparison between the two readings.
RESULTS
Data from a total of 96 bales were included in the analysis with an overall mean of the oven-based mc of 6.0% wb with a range in the individual oven-based mc from 2.3% to 9.4% wb. The mean of the oven-based mc was 5.9% wb for all samples taken from between the first and second ties, 6.0% for samples taken between the second and third ties, and 6.1% taken at the center of the bales. The mean for the data from Lubbock was 6.2%, wb, 5.5% wb for the samples from Mesilla Park, and 5.9% for the samples analyzed at the Stoneville Unit (table 3) . When the six oven-based mc measurements for each bale were averaged the resulting bale mc ranged from 3.8% to 8.9% wb.
The results from analysis of readings made with the different meters used with different probes, at the three Units with the two orientations and the corresponding oven-based mc is shown in table 4. The standard error in the table refers to how repeatable the oven-based readings were and ranged from 0.15 to 0.42. When these errors are examined it can be seen that many of them were around 0.25. The offset dry basis and wet basis indicated the mean difference between the specified machine reading and the oven-based reading of the mc and is an indicator of accuracy. These ranged from -3.3 to 3.3 percentage points. Some of these differences were reasonably low, between -0.2 and 0.2, and these meters would be regarded as within calibration. In other cases all three examples of a type of meter were found to have similar inaccuracy, for example all of the Strandberg meters with either probe produced readings which were on average lower than the oven-based readings.
A calibration may be capable of removing a simple offset difference. However, the standard deviation of the difference was consistently at or above 0.4 percentage points for all measurements with more than one bale studied. One approach to estimating the precision of a meter would be to use the estimate of plus or minus twice the standard deviation of the difference. Relatively few of these estimates from this study would be less than one percentage point. This inconsistency in the difference between the meter reading and the oven-based reading meant that no simple offset calibration could adequately correct the meter readings relative to the oven-based readings. A bale moisture meter with a precision of no better than plus or minus one percentage point would not be much help in achieving a bale moisture near 7.5% and basing a monetary discount for bale mc on uncertified meters, such as these are, with the precision found in this study could not be recommended. Plots of the mc data for two individual meters are included in this report. Figure 2 shows the mc data obtained with the Strandberg Digital meter with the long probe inserted along bale layers compared to the oven-based mc data. It can be observed that the meter predicted the mc consistently too low. Also, the width of the band of data demonstrates the lack of precision observed with all of these meters. Figure 3 shows the mc data obtained with the AquaBoy meter with the screw probe. This meter consistently read too high and had a lack of precision greater than the Strandberg Digital meter.
With regard to the physical characteristics of each meter, the Delmhorst meter was the smallest and lightest of the meters and the door which held the battery was broken during use. The probe appears to be made of spring-type steel which was flexed during insertion into the bales but was not bent or broken. The Strandberg SP probe was sturdy but was bent during insertion into a bale. It was straightened with no apparent problem. One of the electrodes on a Strandberg LP probe broke and was replaced. The probe appeared to be manufactured by welding a sharp tip to an insulated shaft and the break was at the weld. The Aqua-Boy 209BSM probe has two threaded sharp sided tips which appeared to be made of hardened steel. Several of these tips were broken when inserting or withdrawing the probe from bales. The AquaBoy with 218 screw-in probe worked well and was durable, but heavy, 2.7kg (6.0 lb). 
